The local and cooperative dynamics of supported ultra-thin films (L = 4 -170 nm) of poly(methy1 methacrylate) was investigated by dielectric spectroscopy at frequencies from 0.1 Hz to 10' Hz and temperatures from 250 -423 K. To assess the effect of stereoregularity, three tacticities (i, a and s-PMMA) of similar molecular weight M, = 120 -140~10~ g mol-' were studied. A second M, value for s-PMMA was also studied. For i-PMMA, a decrease of the glass transition temperature Tg by up to 10K was observed for a film thickness L < 25 nm (which is comparable to REE), indicated by a down-shift of the peak temperature T, in the loss E"(Q at low and high frequencies and by a shift of the maximum in the apparent activation energy E,(T) of the a-process. Changes in the relaxation strength and the peak shape are apparent for L I 50 nm. In addition, the P-relaxation probing the local mobility was investigated for i-, a-and s-PMMA. Interestingly, all polymers revealed a systematic speedup in the local dynamics for L < 25 nm which is accompanied by systematic changes in the relaxation strength. For i-PMMA, a clear relation between the thickness dependence of zp and z , was found indicating that thickness dependences in the cooperative dynamics are predominantly induced by changes in the local mobility. These findings are consistent with the idea of confinement induced changes in the orientation and conformation statistics for thicknesses below REE.
Introduction
The idea of cooperatively-rearranging regions (CRR), as first proposed by Adam and Gibbs, has proved to be a useful concept in trying to understand the glass transition. An attractive way to prove the existence of a characteristic length scale 5 of the glass transition dynamics is to study glassforming materials confined to geometries with size of the order of <. Examples of suitable confined geometries include nanoporous glasses [ 11, porous membranes [2] , ultra-thin polymer films [3, 41 or channel structures of zeolite host systems [5, 6] . Ultra-thin polymer films are a particularly simple system for the study of size-effects on the glass transition and have the advantage that the interfacial interaction is readily quantified. Since polymers enable the formation of stable fi-eely-standing films [4] or films on substrates [3] , ultra-thin polymer films have been studied increasingly since the pioneering work of Keddie, Jones and Cory [7] . For freely-standing polymer films, spectacular glass transition reductions up to 70 K (for PS) were found which depend on the film thickness and, above a critical molecular weight, also on the end-to-end distance REE of the polymer [8] . In contrast, much lower Tg reductions or even an increase in Tg were observed for supported films that clearly depend on the nature of the substrate-polymer interactions. The various, sometimes contradicting experimental results, mainly based on ellipsometric or Brillouin contributing to the (avcragc) Tg: i) enhanccd mobility close to a fi-ee (or weakly interacting) surface due to density anomalies ii) partial immobilization of polymer chains in the vicinity of polymerhbstrate interfaces for strongly interacting (e.g. hydrogen bonded) polymers leading to a local increase in T, (cf. Fig. 1 b) and iii) enhancement of the mobility in the entire film for L< REE as a result of induced (in-plane) chain orientation and accompanying changes in thc conformation statistics (see Fig. 2 ).
One of the consequences of the layer model is that the glass transition dynamics depends on the position within the film thickness which should result in a broadening of the a-process upon decrease of the film thickness. Broadband dielectric relaxation spectroscopy (DRS) is perhaps one of the most suitable techniques to assess the dynamics of ultra-thin polar polymer films in a wide dynamic range and thus provides detailed spectral information about the dynamic glass transition. First DRS results on ultra-thin polymer films have becn reported by Fukao [9] , who studied dielectric relaxation properties of PVAc and atactic PMMA films as thin as -l O n m , which were sandwiched between aluminium electrodes. Another DRS study on ultra-thin films was recently published by Hartmann et al.
[ 101 who examined thin films of isotactic PMMA in the thickness range down to 18nm. As extension to the few previous studies, we have studied for the first time both the local and cooperative dynamics of stereoregular PMMA as a function of tacticity and film thickness. In additon we were able to push the lower thickness limit of samples for the DRS studies down to about 4nm.
Experimental
Ultra-thin polymer films were prepared by spin-coating on cleaned glass slides onto which an -40run thick layer of A1 had been evaporated. By varying the concentration of the polymer solution, the viscosity (molecular weight dependent) and the spin spced, homogeneous films in the thickness range from a few nanometer to about 200 nm were obtained. We used 3 types of PMMA with different tacticity having a common value of molecular weight of about M, -1 4 0~1 0~ g/mol, as well as an additional sample of syndiotactic PMMA with a molecular weight of 8 8 0~1 0~ g/mol. Following the deposition and annealing of the PMMA films, AI was gently evaporated onto the PMMA to form a patterned top electrode, yielding a sample consisting of 5 separate capacitors, providing redundancy in case of short circuits between the top and bottom electrodes. Surprisingly, the failure rate was very low for thicknesses greater than 20 nm, and sufficiently low to allow dielectric measurements on samples as thin as 4 nm. DRS experiments in the frequency range from lo-' to lo6 Hz were performed with a custom-made dielectric spectrometer using an RLC-meter HP4284A, a Schlumberger 1260 and an high-impedance dielectric interface. The sample temperature was controlled by a Novocontrol Quatro Cryosystem.
.
Results and Discussion
Before discussing thickness effects on the relaxation behavior, we will first address the bulk dynamics of PMMA as a function of tacticity. For this purpose, relatively thick samples (L )) REE) of isotactic, Fig. 4 The a-relaxation peak of i-PMMA at 70°C atactic and syndiotactic PMMA were examined, which are expected to exhibit bulk-like dynamics. Fig. 3 shows the dielectric loss tangent at f = 25 Hz as a function of the temperature. All three polymers have a similar molecular weight (M,., -140x 1 O3 g/mol) and the loss curves reveal the two prominent relaxation processes of PMMA: the high-temperature a-process associated with the dynamic glass transition, and the broad P-relaxation that was attributed to slightly cooperative, local motions involving the side-groups and the nearest part of the backbone in the glassy state [ 1 13.
We will now discuss the effect of decreasing the film thickness on the a-relaxation peak. Since the aprocess is strongest for i-PMMA, we will focus on a quantitative analysis of the a-process of isotactic PMMA. Fig. 4 shows the dielectric loss spectra at 70°C for 7 different film thicknesses from 60 nm down to about 6 nm. Below about 50 nm, the spectra start to deviate from the "bulk" spectrum by a reduction in the relaxation strength and a broadening of the a-peak. Below a further critical thickness (-28 nm), additionally a shift in the alpha-peak towards higher frequencies bccomes visible. This upshift of the relaxation rate in the frequency domain is equivalent to a down-shift of the loss peak in the temperature representation according to Fig. 5 , which displays the shift of the loss peaks with decreasing thickness for two distinct frequencies. The effect of peak broadening becomes clearer visible in Fig. 6 , showing horizontally shifted and vertically normalized loss curves for various thicknesses. Upon thickness reduction, the a-peak broadens increasingly whereby both the low temperature and high temperature slopes become flatter. Such a broadening of the a-relaxation can generally be attributcd to either changes in the intrinsic spectral shape of the a-process (e.g. due to changes in the intermolecular cooperativity) or to a spatial distribution of regions having a local non-broadened dynamics. However, the symmetric change in the peak shape of the a-process of i-PMMA strongly points to the existence of a distribution in relaxation times according to the layer scenario depicted in Fig. 1 . Let's now discuss in more detail the shift of the loss peak maxima with decreasing sample thickness. Surprisingly, the shifts in the loss peaks given in Fig. 5 show the same trend for low and high frequencies indicating that the a-relaxation dynamics speeds-up as a whole (cf. also Fig. 7 ). This finding is in contradiction to recent results by Hartmann et al. [ 101 who, already for films in the order of 100 nm, noticed a change in the relaxation time dependence $7') at low frequencies while the high frequency dynamics remained almost unaffected by thickness reductions. To deduce values for the glass transition temperature T, from the dielectric experiments we have applied the so-called activation energy fine-structure analysis [ 121 which yields the local, apparent activation energy Eapp(7') from the dielectric spectra E'V; 7) . It has bcen demonstrated earlier, that this technique allows to determine an operationally defined T6 from the maximum in Eapp(T) which is usually close to the calorimetric and dilatometric glass transition temperature [13] . The Eapp(T) curves for 1-PMMA are given in Fig. 8 . It should be noted that the highest Tg values determined in this way (Tg = 328K) are fairly close to those reported in [ 101 (T,,,sc = 33 1 K, T,,,,, = 327K) .
Among all changes of the a-relaxation process with decreasing film thickness, the dependence of the relaxation strength A&&) is probably the most striking one. An empirical fit of the A&,&) data with a linear function as shown in Fig. 9 suggests a critical film thickness in the order of 50 nm. Interestingly, the strength of the P-process reveals a similar qualitative trend, although the absolute variation in and the P-process (at T = 3OOC). The bulk value for A& was taken from [ 101.
and Hartmann [lo] did not lead to acceptable results since this model does not reproduce the particularly high changes at high film thicknesses.
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Thickness effects on the p-relaxation
In contrast to the alpha-process, which characterizes cooperative motions involving a few repeating units, the P-rclaxation reflects local conformational changes on the length scale of a few bond lengths, basically < lnm. Because of its local nature, the P-process is not expected to bc sensitive to finite size effects. In other words, the P-process should be homogeneous across the entire film thickness except at the polymer-metal interfaces where H-bonding and surface induced chain alignment might affect the local mobility. Figure 10 displays the dielectric loss tangent at a fixed frequency as a function of temperature for syndiotactic PMMA of two different Mds. The black curves, corresponding to the lower M, polymer, reveals a critical thickness dependence as already discussed in the previous section for the a-and prelaxation of i-PMMA. While the P-peak is virtually unchanged as the film thickness is reduced from 78 nm down to 48 nm, a sudden drop in the peak intensity and peak temperature starts, which is accompanied by a down-shift in the peak maximum temperature by up to 20 K. In analogy to the a-process of i-PMMA, there is a significant increase in the relaxation rate (UT) for L < 30nm as well as a decrease in the relaxation strength for L around 40 nm. Interestingly, the Aq(T)
dependence is more pronounced for a-PMMA and s-PMMA compared to i-PMMA. On the other hand, thickness effects on the spectral distribution of the relaxation times, expressed by the shape parameters a(L) and b(L), are relatively small, indicating an almost homogeneous local dynamics across the film thickness. This behavior proves the local nature of the P-process of PMMA, making it insensitive to finite size effects. Since "dead" .layers of substantial thickness or finite size effects can be ruled out, we think that chain confinement as illustrated in Fig. 2 is the prominent mechanism which causes the thickness dependence of the P-relaxation. When the film thickness becomes lower than the characteristic dimension of a single polymer chain, quantified by its end-to-end vector length RE^, the polymer random coil will be deformed to a "pancake"-shape and oriented which necessary results in a modification of the equilibrium conformational statistics (tradgauche ratio) and orientation distribution of the polymer chains. Since this process results in more elongated chains (persistence length increases), the local molecular packing is improved which likely speeds-up the P-process. Further evidence for substantial alterations in the conformational statistics is provided by the relaxation strength A q which, by virtue of sensing intra-and intermolecular dipole-dipole correlations, is susceptible to both the stereoregularity (tacticity) and the conformational statistics.
Conclusions
The dynamic glass transition and the local dynamics in supported ultrathin PMMA films were studied using dielectric spectroscopy. For three different tacticities, we have investigated the effect of film thickness in the range from 4 to 170 nm on both the a-and p-relaxation processes. Isotactic PMMA revealed reductions in the dielectric Tg by up to 10 degrees for films below L = 25nm, whereas a symmetric broadening of the alpha peak together with a reduction of the relaxation strength already sets in for samples below about 50nm. Surprisingly, the P-process shows a similar qualitative thickness dependence in its relaxation strength and its peak relaxation time. For L -40 nm, a sharp decline in A E~ becomes visible while an up-shift in the relaxation rate starts at L < 30 nm. The striking similarities between the a-and P-dynamics imply a common origin for the acceleration of the dynamics when reducing the film thickness below L -R E E . In this lower thickness range, the likely predominant mechanism is the overall change in the orientational and conformational statistics of the PMMA chains which results in a reduced relaxation strength and changes in intra-and intermolecular barriers for the P-process. For larger film thicknesses (L -25-50 nm) changes in A E~ and A E~ as well as broadening in the a-peak might indicate the influence of a modified interface dynamics caused by surface interactions (reduced mobility) or surface induced chain alignment (enhanced mobility).
